Against the backdrop of comments on chemistry research in
THIS article takes off from the brief but perceptive essay on chemistry in India by Arunan et al. 1 . We provide quantitative data to show that despite an increase in research output and international collaboration, chemistry research in India is still not in the big league.
We begin with what has been said in some recently released reports on the status of science in India and present some data we gathered from databases such as Natureindex.com, SCImago, and Web of Science-Science Citation Index Expanded (WoS-SCIE). Then we analyse contributions made from Indian laboratories in six general chemistry journals as well as the chemistry papers in Nature, Science and Proceedings of the National Academy of Sciences, USA and identify prominent institutions and individuals. We compare India's performance with that of a few other countries.
Earlier studies

Nature Index report on India
According to a Nature Index report 2 , chemistry is doing well in India and indeed it is the top performer. The report presents an analysis of primary research papers published in 68 top-quality journals selected by an international panel of experts, and shows that there has been a marked growth in research output despite 'stagnant funding for R&D as a percentage of GDP, red tape, government indifference and unfair appointments'. According to the report, India has done well particularly in chemistry, as reflected by papers published in a set of 14 chemistry journals and chemistry papers in four multidisciplinary journals (http://www.natureindex.com/faq# subjects). Of the 68 journals tracked by Nature Index, the top ten journals used by Indian scientists are all in chemistry and physical sciences. Also, chemistry accounts for half of India's overall Nature Index output, reflecting the country's strong propensity towards the discipline. India currently occupies the eighth position globally in chemistry (as against 13th in all of science) with weighted fractional count (WFC) of 516.8 papers in 2015-2016 (http://www.natureindex.com/). Nature Index has selected chemistry research in India as a rising star 3 . To see India's performance in perspective, South Korea is ahead of India with a chemistry-specific WFC of 590.40 (although its population is just about 3.8% that of India (www.worldmeters.info) and its nominal GDP less than 60% (Statisticstimes.com; IMF World Economic Outlook, April 2016)) for the same period and China is far ahead (WFC 4194.16) . Both China and South Korea have been ahead in Nature Index ever since it started providing such rankings. India is catching up with South Korea in the number of papers. India's chemistry-specific WFC grew by 175 between 1 January 2012 and 31 May 2016 for a compound annual growth rate (CAGR) of 12.65% as against 15 .5% for China and 1.3% for South Korea (as seen from Nature Index on 24 July 2016).
Chemistry accounts for more than a third of internationally co-authored papers published in the 68 journals tracked by Nature Index. The share of chemistry papers in which there was at least one author from India rose from 35.5% of all Indian papers in the journals tracked by Nature Index in 2012 (ref. 4 (3, 096) and spectroscopy (1, 376) . Numbers assigned to subfields add up to far more than the total for all of chemistry, the field classification is based on journals, and as journals may be assigned to more than one field. There were 2,895 papers in all of science from India among the top 1% of the most highly cited papers during this period. Of these, 394 (or 13.6%) were chemistry papers. In other words, only 0.49% of all the 81,080 chemistry papers were among the top 1% of highly cited papers. Of the 16,999 papers from China, which were in the top 1% of highly cited papers of the world, 3,667 (or 21.6%) were in chemistry. In other words, 1.33% of the more than 276,000 chemistry papers from China were among the top 1% of highly cited papers.
Elsevier report to DST
There were 55,402 papers from India in the top 10% of highly cited papers during 2009-2013. Of these, 7,211 (or 13.02%) were in chemistry. In other words, 8 .9% of all the chemistry papers from India during the period were among the top 10% of highly cited papers. Of the 282,498 papers from China, which were in the top 10% of highly cited papers, 37,937 (or 13.4%) were chemistry papers. In other words, 13 .71% of all the chemistry papers from China were among the top 10% of highly cited papers.
In a few other fields, there were larger number of papers than in chemistry among both the top one percentile and the top 10% of highly cited papers from India. 
Study by Arunan et al.
Arunan et al. 1 have pointed out that after years of stagnation, scientific research in India started looking up in the mid-1990s and by 2013 the country accounted for 3.5% of the world's research output, and with respect to chemistry, the growth was tangible and India rose to fifth place in the world in terms of the number of papers. 
India's contributions in the leading chemistry journals
As seen from WoS-SCIE, the journals most often used by Indian chemists in 2015 were RSC Advances (2, For our analysis of India's contribution to the literature of chemistry, we chose to look at the multi-disciplinary chemistry journals, which are highly regarded. In addition, we analysed papers published from India in a set of quality journals covering most chemistry specialties (Box 1).
Although JACS began publication in 1879, and Angewandte Chemie in 1887, no paper from India appeared in these journals for a long time. It took 24 years after Ray 9 sowed the seeds of modern chemistry in India with his first paper from the Indian soil for a paper by Dhar 10 , from India to appear in JACS. During this period, Ray and his group had published 70 papers. From then on 696 papers from India have appeared in JACS till the end of 2015. Much of the data for papers from India in JACS were gathered manually, as the journal site does not provide for country search. We used full-text keyword search using 'India' as the search term and then scrutinized search results one by one to identify papers with 'India' in the byline. We did this to find out papers published up to 1972 and found 147 papers with an author from India. We found later papers with a WoS-SCIE search. 
Journal of the American Chemical Society
With a view to seeing the volume of work published from India in leading multidisciplinary chemistry journals in perspective, we present in Table 1 the number of papers published by scientists from a few Asian countries over the 25-year period, i.e. 1991-2015. The number of papers published in JACS by China and Singapore is growing much more rapidly than in other countries. The 495 papers published by Indian researchers in JACS during this period (Table 1) (14) . Restricting our attention to the recent past, we see some emerging Indian authors who have published often during 2011-2015. There were 144 papers with 691 author names in the byline, including many foreign authors. The emerging Indian researchers include Rahul Banerjee (NCL, 6) and Abhishek Dey (IACS, 5), Partha Sarathy Mukherjee (IISc, 4) and Sharath Kandambeth (4). All institutional affiliations may not be the ones from where an author might have written all his papers. For example, both Jemmis and Desiraju were working at UoH before they moved to IISc, and 18 of the 25 papers by Jemmis, and 12 of the 16 papers by Desiraju in JACS were from UoH. Also, it is not always easy to relate a paper to its correct author and affiliation, e.g. S. Roy could be Subendhu Roy (IISc, two papers in JACS during 2011-2015) or Sudipta Roy (IISER, Kolkata, three papers in JACS). Here we 14 . About 44% of Indian papers in JACS were written in collaboration with overseas authors. The overseas collaborators were mostly from the US, Germany, Japan, UK and France. At the institution level, most collaborative papers have been with authors from the US Department of Defense (17), US Navy (16), Naval Research Laboratory (15), CNRS, France (12), and US Department of Energy (9) . Universities have contributed much less, prominent among them being the University of Gottingen and the University of California System (eight each), and the Universities of Oxford, Osaka and Stuttgart (six each).
Currently, 60% of papers are internationally co-authored as against a little less than 20% in 1992 (ref. 15 ). The 44% we have for the Indian papers during the 25-year period is to be expected.
Research published in JACS from other Asian countries also has a substantial component of overseas collaboration: China (>65%), Australia (57%), Singapore (54.9%), South Korea (48.6%), Taiwan (31.8%) and Japan (20.7%).
Papers from India in JACS have received on average 57 citations per paper as against 66.6 for the world and 75.5 for China.
During the 25 years, JACS had published 67,638 papers, of which 39,477 (58.4%) were from the US, 5156 (7.6%) from Germany, 3465 (5.1%) from China and 495 (0.7%) from India. Together these papers have been cited more than 4.5 million times; four of these papers have been cited more than 5000 times, seven more than 4500 times and 71 not less than 1000 times (till 12 May 2016). About 38% of papers was written in collaboration with overseas authors. The overseas collaborators were mostly from Germany, USA, UK, Japan and France. At the institution level, most collaborative papers have been written with authors from the University of Gottingen (11), CNRS, France (10), University of Stuttgart (7) (Figure 1 ). What could be the reason? Many users are happy with the urgent and high-quality communications; the communications are most recent, short and to the point. Also, says a long-time user of the journal, 'it lets me say exactly what I want to say', especially when one is working on a very interpretative subject and has to sell an idea rather than data. The other prestigious journals could be intrusive in that the referees could be over-cautious to the point of interfering with an author's idea. Some older chemists think that perhaps because of the sudden growth in the number of papers published there may be a few which may not measure up to the standards maintained till a few years ago. Here the affiliations given are those found in the byline. Not all institutions have been in existence from 1991. For example, the IISERs, Tezpur University, and B. R. Ambedkar University were established after 1991. As pointed out by Arunan et al. 1 , only a few institutions publish in high-quality journals and that too only a few papers 1 . In this context, it is heartening to see a few notso-prominent institutions in this list.
Angewandte Chemie International Edition
Accounts of Chemical Research
During 1991-2015, Acc. Chem. Res. had published 3,497 papers (cites per paper (CPP) 127.15), of which India's share was 72 papers (CPP 157.39) and China's was 299 papers (CPP 107.14). Among the 72 papers from India, 25 have received more than 100 citations and 3 of them more than 1000. The institutions and researchers who are responsible for such high average citations are UoH, JNCASR, NIIST and IISc, and Desiraju, Rao, Nair and Ajayaghosh.
We also looked at publications from India in two journals which commenced publication in the past decade.
Nature Chemistry
Since its beginning in 2009 till the end of 2015, Nature Chem. has published 1621 papers at a CPP of 45.26. Of these, India's share is 11 papers (CPP 23.45) compared to China's 57 papers (CPP 66.82).
Chemical Science
Although this journal commenced publication in 2010, it was only in 2014 that India accounted for more than 10 papers. Up to the end of 2015, Indian scientists had published 28 papers (CPP 13.89) compared with China's 591 papers (CPP 22.69). These papers have come from, among others, NCL, JNCASR, NIIST and IISERKolkata.
Multidisciplinary journals
Chemists use, apart from mainstream chemistry journals, multidisciplinary journals as well to publish their work. Notable among them are Nature, Science and PNAS. A WoS-SCIE search for India's contribution to Nature during 2010-2015 showed 80 records. If we leave out general news stories, policy-related notes, book reviews, etc., the number of original research contributions in chemistry reduces to two -one each under materials chemistry and biochemistry. A search of Science showed 92 publications from India in the six years, i.e. 2010-2015, of which six are original research papers in chemistry -four articles, one editorial material and one review. A search of the chemistry section of the website of PNAS showed that 12 papers have an author affiliation in India. Clearly, Indian chemists do not publish in these journals often. 
Highly cited papers
International collaboration
Data on publications from India in journals classified under the WoS-SCIE categories 'Chemistry' and 'Electrochemistry' show that the share of internationally co-authored papers from India increased from 15. Of the 97,913 chemistry papers published from India during this 10-year period, 979 (1%) have been cited at least 100 times (as on 2 August 2016). Of these, 276 were written by authors in Indian laboratories in collaboration with at least one author from one of 40 countries. Thus a little over 28% of the highly cited papers were internationally co-authored. In general, papers resulting from international collaboration tend to be cited more often than entirely domestically generated papers.
Discussion
Nature Index has focused on projecting a positive image of science in India today and has given hope that the perception that India is not producing anything of value will be dispelled. Referring to the progress being made in research in India, the Minister for Science and Technology, Harsh Vardhan made a special mention of the growth achieved in chemistry and nanoscience 17 . Nature Index tracks chemistry research published in only 18 journals. In contrast SCImago, powered by Scopus, tracks papers in 857 journals, and WoS-SCIE covers 600 journals publishing papers in chemistry; of these, Indian researchers have used 468 in 2014. SCImago and the Elsevier report to DST (both based on Scopus data) and the Thomson Reuters report to DST based on WoS-SCIE data place India in the third position in chemistry research after China and USA, compared to eighth by Nature Index. As the number of journals analysed increases by an order of magnitude, more papers from India get in taking it to a higher rank, and when publications in only high quality journals are considered, India's rank falls leading to the question 'are we publishing mediocre stuff'?
If we expand the scientific enterprise, will it lead to excellence? 'Every quality manifests itself in a certain quantity, and without quantity there can be no quality' is one of Chairman Mao's oft quoted sayings. After a visit to Israel, Feng 18 concluded that 'when you have many, then "quantum fluctuation" will allow a few to jump out of the system to be recognized by this world'. Many researchers in India have emphasized the need to expand the base 19, 20 , which is easier said than done. As pointed out by Vale and Dell 21 , 'India's greatest challenge will be in educating, recruiting, and supporting its next generation of scientists', but 'the brightest students in India are simply not coming to graduate school'.
To verify the premise that a large increase in the number of researchers and research papers will increase the number of better-quality papers, we checked from WoS-SCIE the number of papers published from India in a set of quality journals covering most specialties (Box 1) over six years, and calculated CAGR. We found that the number of papers from India in the selected set of journals rose from 1064 in 2010 to 1742 in 2015 (CAGR of 10.4%). During the same period, the overall number of papers published in chemistry recorded a CAGR of 7.1%. Although chemistry research in India is doing better in recent years than before, as evidenced by an increase in the number of papers published overall and the number of papers in high-quality journals, papers from India do not find a place in hot research fronts 22 . Also, as seen from the DST-commissioned Thomson Reuters report 8 , India's percentage of highly cited papers in chemistry was below the world average right from 2005 to 2014 and below that of most advanced and emerging economies and the increase in better-quality publications was not enough to take India into the top four countries with the largest number of 10% of most-cited publications in chemistry in 2003-2012 (ref. 23) . In chemistry, USA, China, Germany and Japan lead in the number of highly cited papers.
China has recorded a phenomenal rise in the number of highly cited papers along with the rise in the number of published research papers 24 . As shown in Figure 2 , China started with a meagre lead over India in the number of papers in the top one percentile of the most highly cited papers in 2000 and by 2014, the lead increased by an order of magnitude. Indeed, China overtook the traditional leader USA in the number of most highly cited one percentile of papers in 2013. As OECD's STI Scoreboard for 2015 shows, China is in the top four countries with the largest number of 10% most-cited publications in 11 fields (among 27 fields) 23 . In contrast, India figures in only one field, viz. chemical engineering.
Of the 35 Indian institutions that have published at least one paper each in JACS, Angew. Chem. and Chem. Commun. in the 25 years, i.e. 1991-2015, 21 are higher educational institutions, including four state universities (Jadavpur, Pune, Calcutta and Panjab), 10 CSIR laboratories, 2 DST laboratories and 2 DAE institutions. Many of these papers are written in collaboration with overseas researchers: 44% of papers in JACS, 38% in Angew. Chem. and 21% in Chem. Commun. A large number of these papers come from nine institutions led by IISc and NCL. That only a few higher educational institutions and even fewer state universities figure is a matter for concern.
One reason Indian researchers have not published many papers in JACS is the same as why they have not published many papers in Nature and Science. These are not only multidisciplinary (JACS catering to all subfields of chemistry), but also expect papers to straddle disciplinary boundaries. Unfortunately, most academic departments have not broadened their scope encompassing emerging areas of chemical biology and materials science, nor have they come out of their puritanical tradition of keeping separate physical, organic and inorganic chemistry 25, 26 . More importantly, Indian laboratories are not nimble in taking advantage of the techniques that are transforming chemical research dramatically in the West. What is more, India has failed to take advantage of its traditional strengths such as natural products chemistry and inorganic chemistry 25 . It is also of concern that there was not a single Indian chemist (working in an Indian institution) in the list of the world's top 100 chemists prepared by Thomson Reuters based on impact of their research published over the 11 years, i.e. 2000-2010, whereas there were three from South Korea and one each from Brazil and South Africa 27 . On the brighter side, there are individuals with some promise working in lesser known institutions who could do better with some support. It is imperative that we increase the number of researchers as well as students at all levels and improve the quality of teaching. Ganesh 28 and Arunan et al. 1 believe that Indian science will benefit substantially if we hire international faculty.
In the recent past, the Government has established several fellowships aimed at 'reversing the brain drain from the country' and getting back the scientific minds that have gone away. However, these efforts are yet to bear fruit, while similar efforts have been successful in China (K. S. Jayaraman, pers. commun.). Currently, students graduating from better-known institutions prefer to go abroad for higher studies. According to Ganesh 28 , more than 60% of IISER graduates leave the country for graduate studies, as was predicted by Desiraju 29 in 2008. On the other hand, not all Ph Ds even from the best of Indian institutions find research and teaching assignments, mentions a concerned professor at one of India's top institutions.
